The paper represents an analysis of the characteristic properties of spontaneously excited irregular striations observed in the positive column of a glow discharge. Comparisions with the properties of coherent, externally excited, growing ionization waves lead to the conclusion that irregular striations are random ionization waves. Assuming that random striations originate at the cathode end of the positive column, their frequency spectrum can be approximately explained from a knowledge of the dispersion relation of ionization waves. The nonlinear properties of random striations remain to be explained.
Introduction
Luminous standing or moving striations are perhaps the most cammon phenomenon observed in weakly ionized plasmas. Extensive investigations of artificially excited striations in the positive column of a glow discharge have partly cleared up the picture of the wave mechanism of moving striations 2 . It is now believed that ionization waves, as striations are usually called, appear due to changes in the ionization rate caused by variations of electron temperature 2 or more strictly, by variations in electron velocity distribution 3 . Processes leading to the ionization of an atom in a weakly ionized plasma can be extremely complex. The theoretical description of ionization waves is therefore rather cumbersome and involves so many simplifications that anything more than a qualitative explanation of the instability, leading to the stratification of the positive column, could hardly be obtained. But there are still unexplained phenomena, connected with striations, which could be phenomenologically described and even understood without detailed knowledge about the instability. Such are for example, the development of random striations 4 , the formation of a discontinuity in a wave of stratification 5 , and the development of a turbulence in the positive column 6 .
In the present article we attempt to explain the development of random striations in a positive column. This explanation is based on some data obtained experimentally and on rather general principles of random noise theory. In a previous paper 4 some comments on characteristic properties of flueReprint requests to Dr. I. GRABEC, Fakulteta za Strojnistvo, Univerza v Ljubljani, Askerceva 16, Ljubljana, Jugoslavia.
tuations in the positive column of a glow discharge in neon were given. The same is done now for the positive column of an argon glow discharge in a longitudinal magnetic field, where random ionization waves can be also observed 7 . From the experimental data some conclusions about the source of the fluctuations and the sort of instability are then drawn which help to explain the shape of the frequency spectra of growing fluctuations. At the end some suggestions about future work are given.
The Properties of Random Striations
Selfexcited random striations in the positive column of a glow discharge frequently possess random character. They can be observed in broad regions of discharge parameters, especially in noble gases 1 ' 8 ' 9 . Measurements of dispersion properties of externally excited ionization waves show that a noisy positive column can support unstable waves. Therefore one would conclude that random striations are nothing else than ionization waves excited by some random source. Our aim is to find this connection.
The experiments were done on a 130 cm long pyrex discharge tube with inner diameter 2.2 cm. The electrodes were two cylinders made out of nickel. The distance between them was 120 cm. Ten centimeters in front of the cathode a ring electrode, made out of a tungsten wire, was mounted in the tube. It served for external excitation of ionization waves. In the middle of the tube two wire probes were inserted for measurement of the electric field intensity. The tube was filled w r ith argon and placed along the axis of a 120 cm long solenoid. The magnetic field was applied because some characteristic parameters of ionization waves, like optimal increment, can be changed easily by varying the magnetic field 7 . At the same time the nature of ionization waves is not altered essentially if the magnetic induction is far below the critical value for the onset of helical instability 10 ' n . In our case this value is approximately equal 7?c = 2.6kG. The striations were detected by a moveable photo FET. The discbarge was mentainend by a current stabilised rectifier. The experimental data presented here were obtained with the following discbarge parameter values: discbarge current 7 = 10 mA, argon gas pressure p = 0.1 Torr, magnetic induction B = 1 kG, electric field intensity E = 2.8 V/cm.
Without external excitation, random striations were present in the positive column and the oscilloscopic trace of a signal from the photodetector showed random noise. The root mean square amplitude Neff of this noise grows when the detector is moving from the cathode to the anode. Its record, as a function of detector position along the tube, is shown in Figure 1 . Three characteristic regions can be distinguished in the discharge in accordance with this picture: the low noise region, at the cathode, and the growth region as well as the saturated region in the positive column. More information about random striations follows from spectral analysis of signals from the photodetector. The frequency spectra obtained with different positions of the detector are shown in Fig. 2 , where, as conveniently, -z denates the distance from the cathode. It should be noted that the peak at the beginning of the spectrum is just a zero marker. Figure 2 shows that a relatively broad spectrum of fluctuations is obtained at the beginning of the growth region. From this spectrum a new one, of approximately Gauss-ian shape, develops in the growth region. Its maximum appears in the vicinity of 5 kHz, which should be called the optimal frequency. When going still further away from the cathode, first a new peak appears at 10 kHz and then a broader spectrum of rather stable shape is obtained in the saturated region. All these properties of fluctuations were also observed in a neon glow discharge 4 ; only the lengths of characteristic regions and the optimal frequency were different.
Dispersion Properties of Externally Excited Waves
To find the connection between random striations and ionization waves we proceed to determine the dispersion relation of the latter. For this purpose the ionization waves were excited by voltage signals, of various constant frequencies, on the ring electrode. During the motion of the photodetector along the tube, the signal from it was analysed with a phase sensitive amplifier. A record of the output at the optimal frequency is shown in Fig. 3 as a function of position. With it the record of the effective amplitude of random striations is represented. The first record shows the growing w T ave in an appreciable part of the discharge. The wave amplitude grows when going away from the source, which shows that the positive column is convectively unstable. In our case the amplitude of the launched w T ave is approximately equal to the effective amplitude of random fluctuations nearly everywhere except in the saturated region. In this region the synchronous w T ave begins to be damped. If the amplitude of the launcher is slightly raised, saturation appears nerare to the cathode, but the wave length and the spatial increment in the lower part of the growth region of the wave are not altered. They are also not changed if an another wave of approximately equal amplitude and different frequency is simultaneously excited. But in this case nonlinear mixing of both waves is observed in the upper part of the growth region 6 . From all this we can conclude that in the lower part of the growth region the positive column exhibits the properties of a linear amplifier. This is, however, true only for the launched wave with an amplitude far below the effective amplitude of random fluctuations in the saturated region. Of course all waves are not growing. If the frequency is shifted from the optimal value the increment is lowered and even changes its sign. The dependence of the wave number kT and the spatial increment k\ on the frequency, as measured in the lower part of the growth region, is shown in Figures 4 and 5 . The measurements were done only on the anode side of the launcher. On the cathode side no growing waves were observed. It should be pointed out that the phase velocity of externally excited waves is oriented to the cathode, that is in the positive direction. The monochromatic ionization wave in the lower part of the growth region on the anode side of the launcher can be thus described by the real part of the expression n = n0 exp{ -ioJt + i kT (co) z -k\ (co) z) . (1) Here z = 0 corresponds to the position of the launcher and z<0 to its anode side, n is the wave amplitude, co is the circular frequency and k(co) = kT(co) + i k[(co) is a complex wave number. From Fig. 4 the group velocity of ionization waves is seen to be negative and the ionization waves under examination are therefore of backward character. All mentioned dispersion properties of ionization waves are in agreement with some other observations 2 . One of the main characteristics of ionization waves in our case is that they are convectively unstable, which means that the amplitude of the disturbance grows when it moves toward the anode with group velocity.
Let us now discuss some similarities between random striations and coherent ionization waves. Perhaps the most striking observation is that the maximum of the noise spectrum appears at the same frequency as the maximum of the spatial increment of coherent waves. The effective amplitude of both sorts of oscillations grows when going toward the anode. Using correlation techniques, as proposed by several authors 8 ' 9 , the backward character of randon striations can be found. This also agrees with the property of ionization waves. We therefore conclude that random striations are stochastic ionization waves. The question of how they are excited is immediately at hand. The origin of random striations has not been investigated. It seems that random fluctuations are transmitted from the regions near the cathode to the positive column where the} are amplified due to the instability. In principle any part of the discharge can act as a noise source. But even in the case where the noise sources are unifomly distributed along the discharge, the highest fluctuations would on average originate at the cathode side of the positive column. An oversimplified model, describing the noisy discharge presented in this paper, would then consist of an unstable positive column and a noise source, with broad frequency spectrum, localized at the cathode end of the column. In the most simple case the spectrum would be taken to be white. We are now going to find the frequency spectrum of fluctuations described by such a model. As only linear properties of ionization Avaves have been examined, the spectrum of the fluctuations in the lower part of the growth region will be calculated.
The Frequency Spectrum of Convectively Unstable Ionization W aves Excited by a Localized Random Source
In this part of the article we try to derive those characteristic properties of growing random striations which follows directly from a knowledge of the dispersion properties of ionization waves and the properties of the source. We assume that the positive column may be treated as a linear amplifier. The characteristic observable n (z, t) can be then expressed by a source function q (z, t) and a weighting, or Green's function, G(z,t) by the expression:
When the source is random, the response function is also random. To find its frequency spectrum we first put down an equation for the correlation function:
This equation is obtained by multiplying tw r o equations of the form (1) at two different space-time points and then averaging over some representative ensemble. The response function is not a random quantity and can be therefore taken out of the brackets denoting the average. We further assume that the noise source is stationary. In this case the correlation function can be written in the form
and Eq. (3) is transformed to
Instead of the source correlation function w r e prefer to give its frequency spectrum, defined by the inverse of the Fourier transform
When the system is convectively unstable the Fourier transform with respect to time exists also for the Green's function 12
From the reality of the Green's function it follows
Taking into account Eqs. (6) and (7) and integrating with respect to times and frequencies we get from Eq. (5)
For the correlation function at some position z = zx = z2 we obtain
where the spectrum of the signal n is given by 5n(z,co) = (2 7i) 2 \g{z,(ti)\* 5q(co). (11) This expression is similar to the well known WienerLee input-output relation for a discrete amplifier 13 .
We are now in a position to find the frequency response function g(z,co) by taking into account experimentally obtained results concerning the response of a positive column to external perturbations. It follows first from the inverse Fourier transform of Equation (7) :
In the previous part of the article we found that the wave described by Eq.
(1) appears on the anode side of the localised source of given constant frequency. The source function in this case is q(z, t) = q0 <5(z) exp{ -i Cti t} (13) where q0 is the source amplitude. With this in mind we get from Eq. (2), using the experimental result Eq. (1),
and after some rearrangement,
The frequency response function is thus proportional to exp{z" k(co) z} and we can put down
This equation adequately describes our observations and holds only on that side of the source where growing waves are obtained. Inserting Eq. (16) into Eq. (11) we get for the frequency spectrum of random ionization waves, at some place with z<0, the following expression:
Here S0(co) is a proportionality factor corresponding to a frequency spectrum of the fluctuations at the place of excitement. Let us now discuss some characteristic properties of the spectrum (17). The spatial increment k\(oj) has a maximum at a certain optimal circular frequency co0. Using the Taylor expansion we can write
where index 0 denotes optimal value, and two primes the second derivative with respect to co. Inserting this into Eq. (17) we get an approximation:
holding for z<0. Remember also that k'j0 is negative! If the spectrum S0(co) is a mild function of frequency, and it should be in the case of a white noise source, the spectrum Sn has a Gaussian shape at some distance on the anode side of the noise source. Its maximum appears at the optimum frequency and grows when going toward the anode. The average power of the fluctuations is obtained by integrating Sn(z, OJ) with respect to OJ. If the function S0(co) is again considered to be slowly varying in the vicinity of co0, the following space dependence is obtained:
The effective amplitude of fluctuations is given by the square root of this value and is proportional to eff -| 2T |~I /4 exp{ -i kl0 z} .
This function is similar to exp{ -ik-^z} , for large ' z | and the effective amplitude of fluctuations grows like that of the most unstable wave. This result was also found experimentally and is represented in Figure 3 . 
Conclusion
The spectrum 5"(z, co) can also be calculated in a similar way as in our case when the sources are distributed along the positive column. For such a calculation the source correlation function Rq , appearing in Eq. (3), must be known. Up to now there are no experimental data available about its properties. Also the influence of strong fluctuations in the cathode region has not been examined. Even in the case where the correlation function of these fluctuations is known, their contribution to the noise in the positive column could hardly be taken into account because the dispersion properties of the transition regions between the cathode and the positive column are not known.
The measured spectra of the fluctuations in their linear region of a positive column can be satisfactorily described by the above calculations. The only necessary assumption is that the fluctuations originate from some localised source with a broad frequency spectrum. The main task of future work
